INTRODUCTION
We have previously reported' on a ,4-galactosidase from brain which was active toward brain cerebrosides (ceramide galactosides). The enzyme activity was measured by incubation with radioactive cerebroside and examination of the labeled product of hydrolysis. Because of the considerable dilution of labeled substrate by endogenous cerebroside present in brain particulate preparations, we carried out this preliminary study with the high speed supernatant fraction, which contains relatively little cerebroside. It was found that the enzyme was greatly stimulated by bile acids and could be separated partially from other p-galactosidases (detected by activity toward o-nitrophenyl-P-n-galactopyranoside).
The enzyme could be purified several-fold, but attempts at additional purification were frustrated by a low initial specific activity and the ease with which the enzyme became insoluble. Assuming this acid hydrolase was derived from the lysosomes, and armed with our knowledge of the properties of the enzyme, we examined the particulate fraction. This paper describes the solubilization of the particulate enzyme by means of digestion with pancreatic enzymes. The endogenous cerebroside was removed virtually completely and the specific activity increased about 3oo-fold (based on the activity in the I 000~13 ooo x g particles).
METHODS AND MATERIALS

Substvates
The earlier experiments were carried out with a mixture of beef spinal cord cerebrosides', and the later ones with 18 : o cerebroside2 (N-stearoylpsychosine).
Comparisons of the two substrates showed little difference in rate of attack by different enzyme preparations.
Both were labeled with 3H in the 6-position of the galactose moiety by oxidation with galactose oxidase3 and reduction with NaBH,. The chromatographically purified products were diluted about 3o-fold with the corresponding cerebrosides to yield a specific activity of 310-380 counts/min per nmole, measured by liquid scintillation counting in a water-dioxane-naphthalene-xylene-Cellosolve solutiona.
The substrate emulsion was prepared before each experiment by evaporating to dryness solutions of cerebroside (I part by weight) and the detergents Triton X-100* Before assay all preparations were dialyzed overnight against Buffer A. It is important to remove most of the glycerol and galactose, if present, as they are inhibitory". Buffer A contained 0.05 M Tris-HCl, 0.01 M MgCl,, and 0.008 M mercaptoethanol (Type I, Sigma Chemical Co.). Buffer B was similar, but included 17; galactose. Buffer C also included 6",a sodium cholate (enzyme grade, Mann Research Labs.). The pH of each buffer was adjusted to 7.4, measured at room temperature.
Because of the ready precipitability of cholic acid, we found it advisable to prepare Buffer C by adding the MgCl, and sodium cholate to Tris buffer previously adjusted to pH 7.0.
Incubations were carried out as previously described' in r3-mm screw cap test tubes. The tubes were usually incubated 3 h, after which 5 ml of chloroform-methanol (2:1, v/v) and 0.1 ml of o.I",/~ g alactose were added. The mixture was agitated by IO inversions (Teflon cap liner), centrifuged, and the upper layer transferred to a tube containing I.5 ml of 'FOLCH lower layer". After this washing step (shaking and centrifuging) a r.5-ml aliquot of the upper layer was evaporated to dryness in a scintilla- tion vial at 50~ with a stream of dry air. The residue was dissolved in 0.5 ml of water and counted in 15 ml of scintillation solvent".
Ceramidase activity was evaluated by incubating N-stearoylsphingosine under the same conditions as cerebroside, but in zo-mm screw cap test tubes. After incubation the mixture was partitioned', together with 0.1 mg of stearic acid and 0.2 mg of mixed (hydroxy and nonhydroxy) ceramides. The stearic acid in the lipid extract was isolated with a silica-gel column by elution with benzene-ether (99 : I, v/v) and counted by liquid scintillation.
Aryl sulfatase A activity was assayed with z-hydroxy-5-nitrophenyl sulfate7 (Sigma Chemical Co.) in 0.2 M citrate, pH 5 (ref. 8) . Subsequent experimentation showed that the incubation conditions (citrate and Buffer A) inhibited sulfatase by at least 909; when compared to the activity obtained under the conditions of SELLIS-GER ANI) HIATT~.
The enzyme activity toward o-nitrophenyl-p-galactoside was assayed as previously describedl. Repipets (L/I Industries, Berkeley, Calif.) were used to measure out the various reagents.
Preparation
of tissue particles Female rats of the Sprague-Dawley strain were anesthetized with CO, and decapitated prior to removal of the brain. For large scale isolations, brains from mature female rats, shipped in ice, were obtained from Pel-Freez Biologicals, Rogers, Ark. The brains were homogenized and fractionated according to centrifugation schedule B of SELLINGER AND DE BALBIAN VERSTER~~. The particles sedimenting between I ooo and 13000 xg ("crude mitochondrial" fraction, mitochondria $KS lysosomes) were used as the starting material for purification of the enzyme.
Other methods
Sephadex G-25 columns were prepared in Buffer A, then washed with at least Tests showed this gave an increase of 3096 in activity. Enzyme solutions were concentrated by pressure ultrafiltration in Diaplex Ultrafil cells fitted with LJM-1 membranes (Amicon Corp., Cambridge, Mass.). Except were specified, all processing steps were carried out at 4'.
Thin-layer chromatography on Silica Gel G was used to estimate the amount of sodium cholate in enzyme preparations. The samples were acidified with H,SO,, the lipids extracted with chloroform-methanol, and the lipids of the lower layer separated with chloroform-methanol-water (24: 7: I, v/v/v). The cholic acid spot (RF = 0.25) was detected with bromothymol blue or the more sensitive and specific phosphomolybdic acid spray12 and compared with standard spots. Alkaline bromothymol blue was used to visualize the other lipids.
All mixtures of solvents are defined on a v/v basis.
1~. bl. BOWES, N. S. RADIN Table I show galactosidase activity in both cerebral cortex and subcortex (the remainder of the brain lllijzzls cerebellum and olfactory bulbs). The activity in subcortex was 707; greater despite the presence in this area of a higher concentration of endogenous cerebrosides. The data in Lines 3 and 4 suggest that cortex is not much different in specific activity from whole brain. For convenience in isolation work it was decided to use the whole brain. 
RESULTS
Distribution of bra& cerebroside galactosidase
18.C) _
Table I also shows that there is little difference in measured activity between very young and mature rats. It is likely that the concentration of the enzyme in the older rats is somewhat understated, since the dilution of the labeled substrate must be very much greater than in the younger rats 13. For this reason older animals were chosen for further work.
In these and the other assays of crude enzyme, aliquot sizes were chosen to correspond to equal amounts of brain tissue.
Evidence that endogenous cerebroside does actually compete with the labeled cerebroside is furnished in the right hand column of Table II . Nonlinearity with respect to enzyme concentration (a value less than I), is consistent with such competition.
Solubilizatiolt
of the enzyme The crude mitochondrial particles were suspended in Buffer C (3 ml/g brain) and sonicated in an ice bath with an immersion probe for IOO set (IO cycles of IO set on, IO set off, o.5-inch step horn, Model S-75, Heat Systems Co., Great Neck, N.Y.; power level 6, 20 kHz output, 2-3 A). At this stage and in all other experiments extraction volumes include precipitate volume. Centrifugation for I 11 at 55 ooo xg yielded the cholate extract, a clear tan solution. The total activity of the extract ( Table II ) was twice that of the crude mitochondrial fraction and the activity measure- ments were more linear with respect to enzyme concentration. The improvement in observed activity may be due to removal of part of the endogenous cerebroside.
To portions of cholate extract was added a crude pancreatic lipase preparation Because of the partial insolubility of the lipase, the portions were sonicated briefly in an ultrasonic bath of the type used for cleaning, then transferred to individual dialysis bags. The suspensions were dialyzed overnight against two changes of Buffer A (70 ml/g brain). The bags were supported horizontally and shaken with a horizontal gyratory agitator to keep the particles in suspension. To complete the lipase action the mixture was incubated at 37O for I h, and the residual insoluble matter was removed by centrifugation at 55 ooo ~g for I h. Analysis of this extract showed that at least 909:; of the protein in the original cholate extract had been removed, evidently due to proteolytic activity in the pancreatic preparation. Pwi'cation of the cevebroside galactosidase The dialysis during lipase treatment brought the cholate concentration down from 6 to 39;. We found that cholate at this concentration interfered with ionexchange chromatography and, after some experimentation, found that the cholate could be removed nearly completely by gel filtration. The enzyme solution was made up to I'$; in galactose and applied to a column of Sephadex G-25 in Buffer B (I ml enzyme per 5 ml bed volume). About 909; of the enzvme activity appeared on elution with the same buffer in approximately the 1.0-1.5 void volume of eluate. This fraction was very turbid. The following eluates were decreasingly turbid and contained increasing concentration of cholate, which was estimated by acidifying portions of eluate and observing the amount of characteristic precipitate. Additional galactosidase activity was present in the fraction immediately following the very turbid fraction, but it was evidently slightly contaminated with cholate.
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The insoluble material in the initial active eluate was removed by centrifugation (I h at 55000 xg) and found to contain only trace amounts of enzyme activity.
Because this inactive material was readily resolubilized by the cholate present in the later eluates, the second active eluate fraction was centrifuged separately and the two supernatant liquids were combined. The data in Table II show that this step achieved a slight increase in specific activity. The enzyme at this and subsequent stages exhibited good linearity with respect to enzyme concentration. The enzyme was now concentrated up to zoo-fold by ultrafiltration and glycerol was added to make its concentration 15'f,{, (w/v). This was dialyzed overnight against a Tris-HCl buffer (0.01 M, pH 7.4) containing 0.00~ M MgCl,, 0.00s M mercaptoethanol, I 9 o galactose, and 15y; glycerol. A small amount of precipitate was removed by centrifugation (80000 xg for 1.5 h) but some floating material was retained. This preparation (Fraction V, Table II ) was somewhat increased in specific activity, despite some loss of total activity.
Further purification was achieved with a density gradient electrophoresis column (LKB Instruments, Rockville, Md., 3-cm inside diameter). The lower part of the column was filled with the same buffer solution as above, but with a higher glycerol concentration (5096). Above this were 280 ml of the same buffer containing a 5 to 20), linear glycerol gradient. A sample of Fraction-V enzyme derived from 180 g of brain was then layered between the cushion layer and bottom of the gradient. Although the glycerol concentration in the sample was only 15;,;, the protein increased the solution density so that it sank in zoy? glycerol.
The anode (top) and the cathode vessels were filled with the same buffer but without glycerol. The column was cooled with water at 8-10' while a current of 13 mA at 220 V was applied for 19 h. The column contents were then collected in ro-ml aliquots through the outlet at the top of the column.
The sample became turbid upon entering the column, and two additional turbid zones moved upward during the electrophoretic separation. The top band (eluting as Fractions S-IO) was actually a pair of very close bands; the middle band showed visible clumps and trailed downward ; the band at the origin (Fractions 27-30) was tan and turbid. The enzyme activity was spread over a fairly wide range, with 80, of the recovered activity in Fractions 8-12, 690,; in 13-26, and ~3~:~ in the starting band (27-30). Overall recovery in these three groups was IoS",,.
Fractions 13-26 were pooled and centrifuged at 55 ooo xg for z 11. The pellet contained only 29; of the activity while the recovery in the clear supernatant solution was 729,; of that initially in the middle band. This preparation (Fraction VI, Table II ) represented a purification of rr6-fold and a recovery of 98:; based on the crude mitochondrial particles. The electrophoresis step achieved an increase in specific activity of 68:;.
A similar electrophoretic run was made with a much smaller sample (derived from 26 g of brain, concentrated only 25 times after the Sephadex step, dialyzed against 207; glycerol buffer, and added in 5 ml). The lowest turbid band was not visible and the other bands were much fainter. Fig. z shows the results of enzyme and protein assays on some of the fractions. The major part of the activity occurred in a relatively sharp peak, with a secondary peak at the origin. The activity in the latter fraction, which exhibited the highest protein concentration, was 24?:, of the recovered activity, as in the large scale run. Fractions 1-20 contained no activity, while the pooled Fractions 23-27 contained 74% of the activity with a specific activity of 79 nmoles per h per mg protein.
Fraction VI was dialyzed against the same buffer system used for electrophoresis (IS"/; glycerol) and chromatographed on a column containing DEAE-Sephadex A-25 (see Fig. 3 ). Increasing concentrations of NaCl were used in the eluent and as the fractions were obtained from the column they were promptly mixed with an equal volume of glycerol and stored at -20'. total activity in each crosshatched area of the figure is proportional to the height of the bar, not its area.) The portion eluting between 133 and 144 ml (Fraction VII, Table II) represented an overall z76-fold purification and 299/b recovery. The recovery in all three fractions (assayed when 3-days old) was 557;. In another experiment fractions were assayed immediately and the recovery was higher (74yJa).
Analysis of the lipids in 80 ,ug of Fraction VII, made on a chloroform-methanol extract by means of thin-layer chromatography, revealed the presence of small amounts of cholesterol and cholate. In addition, traces of cerebroside and other lipids could be seen on the plate. The intact enzyme also showed the presence of arylsulfatase and ceramidase.
Fraction VII couldbe purified further by dialysis (0.025 M Tris (pH 7.4), 0.004 M mercaptoethanol, 0.005 M MgCl,, I?; galactose) and addition of sufficient I M sodium citrate buffer (pH 5.0) to bring the mixture to pH 5.0. A precipitate that formed during I h of stirring was removed by centrifugation at IOOOOO xg for I h. The supernatant fraction (Fraction VIII, Table II) was immediately dialyzed against Buffer A.
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It contained gr",& of the activity while the precipitate contained less than 59:;. This step resulted in an overall 3r4-fold purification with recovery of ~7::~. While the acid precipitation did not result in much improvement in purity, it removed nearly half of the activity toward ceramide glucoside 5. The exact degree of overall purification of the cerebrosidase is uncertain because of our inability to correct for the diluting effect of endogenous cerebroside in the crude preparations on the radioactive cerebroside. Determination of the purification achieved by starting with a centrifugally purified fraction (the crude lysosomes) was not even attempted.
Problem of solubilization
Both Triton X-100 and sodium cholate solubilized part of the cerebroside from the crude mitochondrial fraction. Experiments with the enzyme from the brain supernatant fraction6 showed that a high concentration (6q/,) of cholate was needed to keep the enzyme deaggregated. The enzyme readily reaggregated on removal of the cholate by dialysis, a phenomenon noted by other investigators working with membranebound proteins. Addition of 1.5% Triton prior to dialysis reduced the amount of precipitation, but even the remaining 'soluble' enzyme must have been somewhat aggregated for only half could be adsorbed to DEAE-Sephadex.
Similar reaggregation seemed to occur on treating the cholate extract with (NH&SO, or butanoll*.
Since the cholate extract was quite rich in brain lipids, we thought these might contribute to the reaggregation following removal of the cholate. Crude pancreatic lipase had been used to solubilize enzymes of other tissues15a16 and we thought it might hydrolyze the aggregating components of the brain extract.
To test this hypothesis, we incubated a cholate extract with lipase as described in the purification procedure. The soluble (S) and insoluble (P) portions thus obtained were processed further : S was dialyzed for 18 h against buffer A, yielding a precipitate (S,) and clear supernatant (S,) on centrifugation. P was extracted for IS h with Buffer A containing 0.27~ Triton (2.6 ml/g of brain), and the soluble (Ps) and insoluble (Pp) portions isolated by centrifugation.
Table III, Line I shows that dialysis of the cholate extract without treatment with lipase results in considerable precipitation of activity (Ps+Pp) and a second dialysis precipitates more activity (S,). Lines 2 and 3 show that the use of lipase doubles the amount of soluble activity (S,) and reduces the amount precipitating on further dialysis (S,). Much of the brain protein, especially in the insoluble portion (Pp), was digested by this treatment. Lines 3,4 and 5 show that more intense lipase treatment produces only a slowly decreasing yield of soluble enzyme (S,) but has little effect on the insoluble portion (Ps+Pp).
It would appear that the galactosidase is relatively resistant to the proteolytic activity in the pancreatic preparation.
Factors affecting stability of galactosidase
It was noted that the enzyme at Stages IV and V was quite stable to storage at 4O, but purification by ion exchange rendered it unstable. Tests were therefore made of various substances for their potentially stabilizing effect, using a cerebrosidase purified with DEAE-Sephadex but not by electrophoresis.
The enzyme was stored in Buffer A at 4" and at -20~ for 14 days, then dialyzed overnight against the same buffer to remove the added materials before assay. Glycerol was tested because it stabilizes the galactosidase of Escherichia holier and prevents the cold-induced aggregation of a steroid dehydrogenase I*. Galactose was tested because it is a product of the enzyme's action. Galactonolactone was tried because it is a specific inhibitor of galactosidasesn' and of cerebroside galactosidase5, while fructose diphosphate was tried because it is an activator of an enzyme involved in lipid metabolism20.
The enzyme stored without additives lost 95% of its activity at both temperatures. Galactonolactone (0.8 mM), fructose diphosphate (25 mM), and glycerol (zoo,6) showed little effect, but 1% galactose showed partial protection at -20' (79qb loss). Bovine serum albumin, o.I%, produced 147; stimulation on addition to fresh enzyme, and appreciable protection on storage. The activity lost at 4" was 47q.b ; at -20°, 770';.
'
In another experiment, IO/,, g alactose was found to show protective action at 4" for a few days. Since 2oy& glycerol froze at -20°, and since freezing reduced the protective action of albumin, we tried a higher concentration of glycerol, 507;, augmented with IS; galactose. This mixture did not freeze at -20' and was found to
give very good protection for several months. The effectiveness of Mg2+ and mercaptoethanol, which were present in all buffers, was not checked with this enzyme but they have been shown to stabilize and stimulate galactosidase from E. coli 18,21. The cerebrosidase from brain homogenate supernatant was found to be severely inhibited by mercuribenzoate but unaffected by mercaptoethanoll.
Sepavdion from other acid hydrolases
We assessed the effectiveness of several purification methods with respect to the removal of hydrolases acting on ceramide, nitrophenyl galactoside, and nitrocatechol sulfate. This sulfatase assay was used because cerebroside sulfatase is also active toward the artificial substrate22.
It was found that the lipase solubilization step preserved the sulfatase and ceramidase about as well as the cerebrosidase, while the protein and nitrophenyl galactosidase were reduced about 907;. This is consistent with the view that the sulfatase is primarily a sphingolipid hydrolase. A small portion of the ceramidase (636) and sulfatase (176) in Fraction III could be shown to have originated in the pancreatic lipase. (Only a trace of cerebroside galactosidase was found in the lipase.)
Bioclzi~iz. Biopht's. Acta, 152 (1968) [587] [588] [589] [590] [591] [592] [593] [594] [595] [596] [597] [598] Purification of the soluble enzymes by DEAE-Sephadex chromatography, using a linear NaCl gradient (Fig. 4) , revealed that ceramidase is eluted with the descending arm of the cerebrosidase activity, and that sulfatase follows. Ceramidase, Table II . The enzymes (from 104 g brain in 41 ml of Buffer B) were applied to a column of DEAE-Sephadex, (2.9 cm x 38.5 cm). After passage of 375 ml of Buffer B, a NaCl linear gradient was begun, using IZOO ml of buffer in each chamber, with 0.3 M NaCl in the second one, The volume of each fraction collected was 39 ml. l , nmoles 18 :o cerebroside hydrolyzed per h per fraction; o, counts/min stearic acid released per fraction in a 4 h incubation; A, pmoles nitrocatechol sulfate hydrolyzed per h per fraction, incubation time 105 min; a, mg protein per fraction.
like cerebrosidase, was not precipitated when the solubilized enzyme (Fraction III) was adjusted to pH 5 nor could the two be separated by density-gradient electrophoresis. Both resisted the effect of prolonged treatment with pancreactic enzymes.
DISCUSSION
Our finding (Table I ) that the cerebroside hydrolase occurs in higher concentration in brain subcortex than in cerebral cortex is of interest since the subcortex is enriched in cerebrosides. This association of the enzyme with its substrate suggests that cerebrosides are the true natural substrate for our galactosidase.
'Total galactosidase', as measured by cleavage of o-nitrophenyl galactoside, also showed a higher concentration (by 75:/o) in subcortex crude mitochondrial particles. The question must be considered whether treatment with pancreatic enzymes degraded the cerebrosidase.
Longer treatment with the hydrolases (Table III) was found to have little effect on the cerebrosidase activity. Thus, if there is degradation during the first stages of lipase treatment, one might conclude that there is a resistant 'core' in the enzyme. A number of proteins are known to be completely resistant to trypsin action, and several glycosidases have been solubilized by trypsin or papain (refs. 2345).
Moreover, a hydrolase acting on a lipid (cholesterol esters) has been shown to be specifically protected against proteolytic inactivation by bile salt?.
